Abstract UWB (Ultra Wideband) systems tend to suffer strong interference from signals that occupy a significant part of the transmission band. This is an important constraint, especially when the channel remains fixed for a long period of time. In order to overcome this limitation, this paper considers UWB systems employing Single-Carrier with FrequencyDomain Equalization techniques. We propose the corresponding receiver, which also allows the soft packet combining associated to different Automatic Repeat ReQuest transmission attempts, as a measure to improve the performance through the exploitation of diversity. Our techniques are able to cope with strong interference levels as well as deep fading, even for fixed channels.
large bandwidths, lead to very low power spectral density levels, similar or even lower than the corresponding levels of the channel noise.
The UWB systems can be based on spread spectrum techniques with extremely high bandwidths, allowing very high processing gains, even for large user bit rates. This allows some robustness against the multipath propagation impairments, namely the fading and the time-dispersion effects [2, 3] . On the other hand, the reduced power spectral density levels of the transmitted signals allows the coexistence of UWB signals with other narrow band systems without significant performance degradation of the narrow band systems [4] .
In recent years, UWB based on impulse radio techniques were proposed, presenting bandwidths up to several GHz, and overlapping the present "narrowband" systems. Due to the success of the different prototypes and demonstrations, there is big effort to standardize UWB based communication systems for both military and civil applications (see [1, 5] and the references therein).
The most usual form to generate UWB signals is by employing impulse radio techniques which are based on short pulses (typically with a duration below 1 ns), with zero mean and a small number of zero crossings, combined with TH-MA (Time-Hopping Multiple Access) [6, 7] . Since these pulses are sent directly to the transmit antenna (i.e., a "baseband" transmission is employed), the implementation complexity at both the transmitter and the receiver can be relatively low. As an alternative, we can employ conventional continuous-wave transmission techniques which are especially interesting when a very high spectral efficiency is intended (e.g., for users with very high data rates) [8, 9] .
Due to high transmission rates the time-dispersion effects associated to multipath propagation can be severe in UWB systems. For this reason, continuous-wave UWB systems should employ block transmission techniques, with appropriate cyclic extensions and combined with FDE techniques (Frequency-Domain Equalization) [10, 11] .
OFDM (Orthogonal Frequency Division Multiplexing) is the most popular modulation based on this technique. More recently, Single Carrier (SC) modulations have recovered the interest and became an alternative to Multi-Carrier (MC), due to the use of FFT-based (Fast Fourier Transform) frequency-domain receivers, which allow similar or even better performances than the corresponding OFDM schemes [11] [12] [13] [14] . As can be seen from Fig. 1 , while the OFDM transmitter includes the computation of the Inverse Discrete Fourier Transform (IDFT), the SC-FDE transmitter is a regular time-domain one with the exception that the CP (Cyclic Prefix) is added. Nevertheless, after reception (and after removing the CP), the SC-FDE receiver computes the Discrete Fourier Transform (DFT), before performing the frequency domain equalization, followed by the IDFT computation.
Single carriers modulations have shown to be effective for block transmission schemes with cyclic prefix (with a size that deals with the maximum channel delay). Consequently, block transmission techniques employing FDE techniques proved to be suitable for high data rate transmissions over highly dispersive channels. This results from the fact that they require simple FFT operations, where the signal processing complexity per symbol grows logarithmically with the channel's impulse response length.
Aspects as design complexity and power efficiency are very important, especially at the uplink transmission where low implementation complexity and power consumption at the mobile terminals are crucial to assure efficient battery preservation and the resort to low cost power amplifiers. Due to the lower envelope fluctuations of the transmitted signals (and, implicitly a lower PMEPR [Peak-to-Mean Envelope Power Ratio]), SC-FDE schemes are especially suitable when a low-complexity and efficient power amplification is required [11] . Therefore, the power amplification complexity and processing charge can be concentrated in the base station. A promising Iterative Block-Decision Feedback Equalization technique (IB-DFE) for SC-FDE was proposed in [15] and extended to other diversity [12] and spatial multiplexing scenarios [16, 17] . These IB-DFE receivers can be regarded as iterative DFE receivers, with much better performance than non iterative methods [12, 15] , where the feedforward and the feedback operations are implemented in the frequency domain (they can also be regarded as turbo equalization schemes [6] , implemented in the frequency-domain [18] ). For these reasons, SC-FDE schemes are particularly interesting for low-cost UWB terminals, especially when iterative receivers are employed [12, 15, 18] .
The performance of UWB systems employing SC-FDE techniques can be significantly compromised when we have strong interference levels, especially when the interfering signals do not occupy a small fraction of the spectrum, leading to packet errors. The traditional approach to cope with erroneous packets is to discard them and ask for their retransmission, which corresponds to employ conventional ARQ techniques (Automatic Repeat reQuest). However, conventional ARQ schemes can have poor performance when the errors are due to interfering signals that remain for some time, since packet errors are likely to occur for several transmission attempts.
To cope with channel deep fades and long interference effects, we can employ hybrid ARQ/FEC (Forward Error Correction) strategies [19, 20] . The basic idea behind these techniques is to retain the signal associated to an erroneous packet and to ask for additional redundancy. This is usually performed by employing a basic error correction code that is very powerful and has low-rate. This code is punctured leading to a code with higher rate, but smaller error correction capabilities that is used in the first transmission attempt of the packet. If we have an error in the packet detection the additional bits that were punctured are transmitted, instead of a conventional packet retransmission, increasing the error correction capabilities of the code.
The major problem with these techniques is that we are limited by the performance of the basic code that was adopted. If we want a very powerful basic code we need codes that are too complex and/or require very long blocks. The basic code needs to be designed for the worst case scenario that is seldom used.
Soft packet combining techniques were proposed as an alternative to conventional ARQ schemes [21] . Within these techniques, packets associated to different transmission attempts are combined in a soft way, allowing improved performances [21] . These techniques can be regarded as hybrid ARQ/FEC schemes based on repetition codes with soft decision, with low encoding/decoding complexity. Moreover, their performance is not bounded by the performance of the basic code, since it is not a conventional punctured code. A promising soft combining ARQ technique for SC-FDE was proposed in [22] , which was shown to be very efficient to cope with fading effects.
In this paper, we consider UWB systems where a high-data rate UWB signal coexists with relatively narrow-band signal(s). For this purpose, we consider SC-FDE schemes combined with soft combining ARQ techniques specially designed to take into account the existence of strong narrow-band interfering signals. As described in the following, those techniques are not sufficient to avoid the negative effects of strong interference signals, even when the receiver takes into account the interfering characteristics. For this reason, we also propose soft-combining schemes to cope with strong interference levels as well as deep fading, even for fixed channels.
This paper is organized as follows: The system characterization is made in Sect. 2 and our receiver is described in Sect. 3. In Sect. 4 an analytical characterization of the performance of our different schemes is made, and a set of performance results is presented in Sect. 5. Finally, Sect. 6 summarizes this paper.
System Characterization
In this paper we consider the uplink transmission in UWB wireless systems employing SC-FDE schemes. We consider block transmission schemes and the lth transmitted block has the form
with T S denoting the symbol duration, N G denoting the number of samples at the cyclic prefix and h T (t) is the adopted pulse shaping filter. As with other block transmission techniques, a suitable cyclic prefix is added to each time-domain block. Throughout this paper we assume square-root raised cosine filtering with roll-off factor 0.2. The signal a
l is transmitted over a time-dispersive channel. At the receiver input the signal is sampled and the cyclic prefix is removed, leading to the time-domain block y n,l ; n = 0, 1, . . . , N − 1 , which is then subject to the frequency domain equalization. The time domain block associated to a given user (i.e., the corresponding packet) is {a n ; n = 0, 1, . . . , N − 1}, where a n is selected from a given constellation and N is the DFT size (Discrete Fourier Transform). Note that for the sake of simplicity we have omitted the lth subscript. The corresponding frequency-domain block is {A k ; k = 0, 1, . . . , N − 1} = DFT {a n ; n = 0, 1, . . . , N − 1}, where k stands for the subcarrier index (in the frequency domain).
If we detect errors in the packet we ask for its retransmission, but we store the signal associated to each transmission attempt. Although, we could keep trying to retransmit the packet until there were no errors, in practice there will be a maximum number of transmission attempts N R . If transmission fails after N R attempts, it will be necessary to change the transmission parameters (transmit power, carrier frequency, base station, etc.).
The packet associated to the r th transmission attempt of {a n ; n = 0, 1, . . . , N − 1} is a (r ) n ; n = 0, 1, . . . , N − 1 . Naturally, a (1) n = a n ; in the following it will be clear that we can use a (r ) n = a n for r > 1 to improve the performance in the presence of strong in-band interference.
The received signal associated to the r th transmission attempt is sampled and the cyclic prefix is removed, leading to the time-domain block y (r )
where N 
denotes the overall channel frequency response for the kth frequency of the block associated to the r th transmission attempt.
Receiver Design

Conventional Soft Packet Combining ARQ
Let us assume that we have R versions of the packet (i.e., there were R transmission attempts). Our receiver, which is based on the IB-DFE receivers proposed in [12, 15] , is depicted in Fig. 2 . It consists of an iterative frequency-domain receiver where, for a given iteration i, the frequency-domain samples at the output are given by 
. . , N − 1 are the feedforward and the feedback coefficients, respectively.
denotes the DFT of the average data estimates
. . , N − 1 , whereā n denotes the average symbol values conditioned to the FDE output (see Appendix A for the computation of soft decisions).
The simplest way to design the receiver is to consider only the channel noise, which corresponds to ignore the interference in its design. Under these conditions, the optimum feedforward coefficients, for a given iteration, can be written as ( [22] )
with
and
where
(that is, α is the inverse of the SNR [Signal-to-Noise Ratio]) and the correlation coefficient ρ (i) is given by
Re ā
The optimum feedback coefficients (also to minimize the signal-to-noise plus interference ratio) are given by
For the first iteration (i = 1) we do not have any prior information about A k and the correlation coefficient ρ (0) is zero. Therefore, B
which corresponds to the optimum coefficients for a linear FDE (that is, using a single iteration), associated to the interference mitigation technique [23] . The adopted receiver, whose structure is depicted in Fig. 2a , is equivalent to the one shown of Fig. 2b , where the bank of feedforward filters is replaced by a bank of matched filters. Therefore, the proposed receiver is equivalent to an ideal MRC (Maximum Ratio Combining) followed by a single feedforward filter characterized by the set of coefficients C
Soft Packet Combining ARQ in the Presence of Interference
The receiver can be designed taking into account the Power Spectral Density (PSD) of the interference, which is added to the thermal channel noise. 1 This means that the FDE output is still given by (3), with the feedforward coefficients given by (4), with γ (i) given by (5) but with
instead of (6), where
with I (r ) k denoting the interference at subcarrier k and the r th retransmission attempt (i.e., α eq(r ) k can be regarded as the inverse of the equivalent signal-to-noise-plus-interference ratio. The optimum feedback coefficients are still given by (9).
Dealing with Fixed Channels
When strong interference remains over the several retransmission attempts the performance can be rather poor. The solution can be changing the working band, as with frequency-hopping systems. However, changing the frequency leads to additional difficulties and delays and it is not practical in most UWB systems. Instead of having several candidate "sub-bands" changing the "sub-band" when the transmission conditions are poor, we use all available band and design the receiver to cope with narrowband interference, by performing the cyclic shift and/or taking into account the narrowband interference spectrum in the FDE design. The basic idea behind the proposed technique is described in the following.
The frequency domain block associated to the r th retransmission of a given packet A (r )
. . , N − 1}. Since this is formally equivalent to assume that H (r )
k ; k = 0, 1, . . . , N − 1; r = 1, 2, . . . , R is a cyclic-shifted version of {H k ; k = 0, 1, . . . , N − 1}, the interference correlations for each frequency can be very small since we are assuming severely time-dispersive channels with long impulse responses (and, therefore, small correlation bandwidth). Consequently, the different feedforward filters are identical and the receiver can have the structure of Fig. 3 , 
Since A k , with shift −ζ r . Moreover, from the interference point of view, our cyclic shift in the data means that the interference is affecting a different part of the spectrum for each retransmission (i.e., everything happens as if the data remained fixed and the interference was shifted in the frequency). This means that when the interference characteristics remain constant the subcarriers mostly affected will, in general, be different. 2 In general, the larger ζ r the smaller the correlation between H 
This allows small correlation between different H (r )
k and different α eq(r ) k , for each frequency (naturally, as r increases the correlations are higher). Moreover, since the frequency-domain shifts are achieved by multiplying the time-domain blocks by appropriate exponential functions, the envelope fluctuations associated to a (r ) n ; n = 0, 1, . . . , N − 1 are not too different from the ones associated to {a n ; n = 0, 1, . . . , N − 1}. One advantage of this approach is that for Quadrature Phase Shift Keying (QPSK) constellations the constellation associated to a (r ) n ; n = 0, 1, . . . , N − 1 is also a QPSK constellation for r = 2, 3 and 4.
Turbo Receivers
We can also define frequency-domain turbo receivers where the feedback loop uses channel decoder outputs instead of uncoded soft decisions. The receiver structures are similar to the ones described above, but with a SISO (Soft-In, Soft-Out) channel decoder employed in the feedback loop. Now, the SISO block receives the LLRs (Log-Likelihood Ratios) of the coded bits at the FDE output and provides the LLRs of the same bits (as well as the corresponding information bits) at the channel decoder output (see [17] for details on its implementation). The feedforward and feedback coefficients are obtained as described above, but with the reliability derived from the average values at the output of the SISO channel decoder instead of average values at the FDE output. This Turbo receiver will be denoted as Turbo FDE and the non-turbo IB-DFE will be simply denoted as IB-DFE (that is, the IB-DFE iterative receiver only employs uncoded data). Moreover, the linear FDE corresponds to the IB-DFE with a single iteration.
Performance Analysis
In this section the analytical expression for the performance of ARQ schemes is derived. It is assumed that the maximum number of transmission attempts for a given packet is N R , which means that a packet is lost when is not successfully decoded after N R transmissions. We will assume that the probability of detection error (erroneous packet) after combining R packets is P F (R). For conventional ARQ schemes and a fixed channel we may write
The probability of detecting with success the packet when the maximum number of transmission attempts is N R is
with the average number of transmitted packets given by
where the first term accounts for the packets that might require an additional transmission and the second term accounts for the packets that cannot have more retransmissions (regardless 
Performance Results
In this section, a set of performance results concerning the proposed ARQ techniques are presented. The uplink of a continuous-wave UWB system employing SC-FDE schemes is considered using the proposed IB-DFE receiver. Each packet has N = 256 data symbols, selected from a given constellation, corresponding to blocks with length 4 µs. The simulation results consider severely time-dispersive channel with rich multipath propagation and uncorrelated Rayleigh fading on the different paths. Unless otherwise stated, we have strong interference occupying 1/8 of the transmission band.
Coded and uncoded transmissions are considered. For coded transmission the well-known 64-state, rate-1/2 convolutional code with generators 1 + D 2 + D 3 + D 5 + D 6 and 1 + D + D 2 + D 3 + D 6 is adopted. The coded bits associated to a given FFT block are interleaved before being mapped into the QPSK constellation symbols and a suitable de-interleaver is employed before the channel decoder. It is assumed perfect synchronization and channel estimation conditions at the receiver. An ideal selective repeat scenario, without acknowledgment errors is assumed.
As described in Sect. 3, the proposed iterative receiver presents three different basic forms:
(a) Turbo receivers, corresponding to using the channel decoder output in the feedback; (b) IB-DFE receivers, corresponding to using uncoded data only in the iterative receiving chain; (c) Linear FDE, corresponding to the IB-DFE with a single iteration.
With regard to the ability to mitigate the interferences, the proposed receiver presents two different configurations: Figure 4 shows the average Bit Error Ratio (BER) for a single transmission attempt (that is, without packet combining) using the Linear FDE receiver, with and without interference. As can be seen, when the receiver does have knowledge about the interference characteristics ('conventional FDE') the performance is far from that without interference. Notwithstanding, this difference is significantly reduced if the FDE knows the interference characteristics ('ideal FDE'), especially after 4 iterations. Figure 5 shows the BER after 4 iterations for different retransmission scenarios using the Turbo FDE receiver, without interference and for R transmission attempts. Clearly, packet combining schemes allow significant performance improvements, even when the channel remains fixed for different retransmission attempts (EC). This is not surprising, since the total transmitted power grows with R and full advantage of all transmitted power is exploited. By shifting the packets (SC) further performance improvement can be achieved, leading to results between the EC and UC cases. Figure 6 shows the Packet Error Rate (PER) for the Linear FDE, IB-DFE and Turbo FDE, without interference and with channel coding. For both, only the SC scenario was considered (similar conclusions could be drawn for the EC case). As expected, the performance with coding is much better than for the uncoded case. However, the power gains of the iterative procedure for the IB-DFE are much lower than in the uncoded case, which is a consequence of the relatively small improvements with the iterations when the SNR is low. For the Turbo FDE the gains are relatively higher (about 2 dB after 4 iterations, when R = 1, and slightly lower for higher values of R). The probability of detecting with success a given packet P S is depicted in Fig. 7 for the proposed soft combining ARQ technique, in the different scenarios and the Turbo FDE receiver. Conventional ARQ schemes (where erroneous packets are discarded) is also plotted in this figure. The average value of transmission attempts for a given packet E[N R ] is plotted in Fig. 8 (in the same conditions) . In all cases, the Turbo FDE with 4 iterations is assumed. As can be observed from these figures, the proposed techniques allow a high performance improvement.
Let us consider now the scenario with strong narrowband interference levels. Figures 9  and 10 show the PER of the Turbo FDE with 4 iterations for the EC and SC cases, for the 'conventional FDE' and for the 'ideal FDE', respectively. For the sake of comparisons, we also include the PER for the Linear FDE. In Fig. 9 it is assumed that the receiver does not have knowledge about the PSD of interference (that is, 'conventional FDE' is assumed, using E I (r ) k 2 = 0 in the computation of the feedforward coefficients). Contrarily, in Fig. 10 it is assumed that the PSD knowledge is employed in the computation of the feedforward coefficients (that is, 'ideal FDE'). 3 Clearly, the knowledge of the PSD of interference is critical to achieve a good performance of the receiver, even when the Turbo FDE is employed. In fact, as can be seen from Fig. 9 , assuming E I (r ) k 2 = 0, the performance for high SNR using the Turbo FDE can be even worse than that with a linear FDE. 3 To avoid crowding these figures the situation with R = 3 was not included in the results. 
Conclusions
In this paper, we study UWB systems employing SC-FDE techniques with and without strong interference signals that occupy a significant part of the transmission band. Low-complexity soft combining ARQ schemes are employed to mitigate this impairment. The proposed receiver takes into account the interfering characteristics and packets associated to different transmission attempts are combined in a soft way, allowing improved performances.
The achieved performance results show that the proposed techniques are able to cope with strong interference levels as well as deep fading, even under fixed channels condi- tions. Moreover, the improvement of performance is obtained at the cost of a low additional implementation complexity from both the transmitter and receiver.
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Appendix A: Computation of Soft Decisions
For QPSK constellations these average values are given by [18] 
(without loss of generality, we assume that |a n | 2 = 2, i.e., a n = ±1 ± j), with
Re ã
denoting the LLRs of the "in-phase bit" and the "quadrature bit", associated to a n , respectively, and ã 
